The generation of spectral continuum in silicon is studied experimentally and theoretically. The dynamics of the free carriers generated through two photon absorption (TPA) is found to limit the extent of the generated continuum.
Introduction
The generation and manipulation of spectral continuum that lends itself easily to chip-scale integration, such as in a silicon waveguide, will have a significant impact on various applications that utilize the salient features of broadband coherent light. The generation of spectral continuum in silicon waveguides has been explored both experimentally as well as theoretically [1] [2] [3] . Here, we explore the temporal dynamics of free carrier effects numerically to asses their impact on the amount of spectral broadening that may be obtained from a silicon waveguide, and validate these findings with experimental results with optical intensities that range over two orders of magnitude (1-100 GW/cm 2 ). It is seen that temporal dynamics of the free carrier generation along with TPA limit the spectral broadening that may be achieved from a silicon waveguide.
Conceptual Background
In silicon, the intensity-dependent refractive index that leads to self phase modulation (SPM) and the generation of spectral continuum has two contributions: (i) the Kerr nonlinearity (ii) free-carrier refraction: the modulation of the refractive index of the medium through free carriers (electrons and holes) that are generated by TPA. The Kerr effect produces blue-shifted spectral components on the trailing edge and red-shifted spectral components on the leading edge of the optical pulse envelope. Free carrier refraction, however, causes blue-shift on both edges, shown qualitatively in Figure 1 . Thus, at the leading edge of the pulse, Kerr and free-carrier effects tend to counteract each other, whereas they add at the trailing edge to produce a net blue shift for the broadened spectrum. Free carriers also cause the absorption of optical energy within the pulse. More carriers are generated towards the trailing edge, as the free carrier density follows the time integral of the pulse shape. Thus, the blue-shifted frequency components that reside in the trailing edge of the pulse suffer more attenuation than the red-shifted components. The cumulative impact of these effects limit the amount of spectral broadening that may be obtained from a silicon waveguide. Furthermore, TPA also reduces the peak power of the optical pulse further limiting the amount of spectral broadening. shorter than the inter-pulse period of 440 ns used in our measurements. Thus inter-pulse carrier accumulation may safely be ignored .Spectral broadening factor, defined as the ratio of the -20 dB spectral bandwidth at the output of the waveguide to that at the input (~ 3 nm) for a transform-limited Gaussian pulse, is plotted as a function of the peak intensity at the input of the waveguide is shown in figure 2 . The dashed curve shows the spectral broadening in the absence of free carrier effects, with only the Kerr effect contributing to the spectral broadening. It is seen that, with 200 GW/cm 2 of peak intensity at the input, the spectrum may be broadened to a factor of ~ 9. Combining the Kerr effect with free carrier refractive index modulation leads to broadening factors as high as 27 at 200 GW/cm 2 , due to the strong blue shift caused by free carrier refraction (dotted curve). The complete picture however is obtained when the effect of free carrier absorption is also taken into account, as shown by the continuous curve. Even though free carrier refraction produces a strong blue shift, these spectral components suffer higher optical losses due to the fact that free carrier absorption is higher towards the trailing edge of the optical pulse. This limits the spectral broadening factors to around 12 at the end of the 1 cm long waveguide. The optical spectra corresponding to these three scenarios at the intensity of 200 GW/cm 2 (cf. Figure 3) further illuminates the effect of free carrier dynamics on spectral broadening. 
Experimental Results
Nearly transform-limited optical pulses were propagated inside a silicon waveguide in order to experimentally study the nature of continuum generation in silicon. The pulses were 3.5 ps wide, with a repetition rate of 440 ns. The waveguides were 2.3 cm long, with a modal area of around 2.8 Pm
2
. Experimentally measured output spectra at 3 different input peak intensity levels, along with the spectrum of the signal input to the waveguides, is shown in figure 4 . The self-limiting nature of continuum generation is observable by comparing the spectral spread in these plots. The spectra in these plots are shifted vertically with respect to each other for clarity. The measured spectral broadening factor as a function of the optical intensity inside the waveguide is plotted in figure 5 . A clear saturation of the broadening factor is observed experimentally, as also predicted by numerical simulations. It is seen that experimental curve saturate faster than that predicted by numerical simulations. However, even at optical intensities as high as 150 GW/cm 2 , the agreement between simulations and experimental results is within a factor of 1.4. TPA and Kerr coefficients used for simulations are shown in fig.5 . Soref's model is used to take the effects of free carrier refraction and absorption into account [4] .
In summary, the spectral broadening of intense optical pulses in silicon waveguides has been studied. The dynamics of free carrier generation and the impact of these carriers on the phase and amplitude of the optical pulses determine the nature and extent of the continuum obtained from these waveguides. Experimental results validate the selflimiting nature of continuum generation suggested by numerical simulations.
